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The development and patterning of the wing in Drosophila relies on a sequence of cell interactions molecularly driven by
a number of ligands and receptors. Genetic analysis indicates that a receptor encoded by the Notch gene and a signal encoded
by the wingless gene play a number of interdependent roles in this process and display very strong functional interactions.
t certain times and places, during wing development, the expression of wingless requires Notch activity and that of its
ligands Delta and Serrate. This has led to the proposal that all the interactions between Notch and wingless can be
understood in terms of this regulatory relationship. Here we have tested this proposal by analysing interactions between
Delta- and Serrate-activated Notch signalling and Wingless signalling during wing development and patterning. We find that
the cell death caused by expressing dominant negative Notch molecules during wing development cannot be rescued by
coexpressing Nintra. This suggests that the dominant negative Notch molecules cannot only disrupt Delta and Serrate
signalling but can also disrupt signalling through another pathway. One possibility is the Wingless signalling pathway as the
cell death caused by expressing dominant negative Notch molecules can be rescued by activating Wingless signalling.
Furthermore, we observe that the outcome of the interactions between Notch and Wingless signalling differs when we
activate Wingless signalling by expressing either Wingless itself or an activated form of the Armadillo. For example, the
effect of expressing the activated form of Armadillo with a dominant negative Notch on the patterning of sense organ
precursors in the wing resembles the effects of expressing Wingless alone. This result suggests that signalling activated by
Wingless leads to two effects, a reduction of Notch signalling and an activation of Armadillo. © 1999 Academic Press
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aINTRODUCTION
In Drosophila the Notch gene encodes a single transmem-
brane domain receptor with a well-characterised function
in the suppression of cell fates during neurogenesis and
myogenesis (Bate, 1993; Jan and Jan, 1993). Notch activity is
also required for the development of the wing. In this
process, the interaction of Notch with its ligands, Delta and
Serrate, leads to the transcription of target genes like
vestigial (vg) or wingless (wg), through the activity of the
nuclear protein Suppressor of Hairless (Su(H)).
A variety of experiments have shown that during the
1 Present address: Department of Cell and Developmental Biol-
ogy, University of Pennsylvania, 245 Anatomy and Chemistry
Building, 36th and Hamilton Walk, Philadelphia, PA 19104-6058.p
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210evelopment and patterning of the wing there is a strong
enetic interaction between mutations in the Notch and
ingless genes (Couso et al., 1995; Couso and Martinez
rias, 1994). These interactions have been interpreted in a
umber of different ways and have resulted in differing
odels for the way that the wing is formed. In one model it
as been proposed that Wingless protein expressed at the
ing margin functions acts as a morphogen that organises
he patterning of the wing along the proximal/distal axis
Diaz Benjumea and Cohen, 1995; Zecca et al., 1996). In this
odel, since the expression of wingless at the wing margin
equires Notch signalling, the strong genetic interactions
bserved between the Notch and wingless genes have been
nterpreted as the loss of Notch signalling disrupting wing-
ess expression (Diaz Benjumea and Cohen, 1995; Rulifson
nd Blair, 1995). Within this model it has also been pro-
osed that Wingless sharpens its expression at the margin
rom an initially broader domain by inhibiting Notch sig-
0012-1606/99 $30.00
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211Wingless and Notch Molecules in Drosophila Wingnalling in cells away from the margin (Rulifson et al., 1996).
his is suggested to occur through an interaction between
he Dishevelled protein, an intracellular component of the
ingless signalling pathway, and the intracellular domain
f Notch that inhibits Notch signalling.
In an alternative view, it has been proposed that the wing
s generated through a series of interactions between differ-
nt signalling cascades, including the Notch and Wingless
ignalling pathways, that generate the different parts of the
ing in a stepwise manner (Couso et al., 1993; Klein and
artinez Arias, 1998a, 1999). Within this framework, it has
een suggested that Notch might act as a receptor for
ingless in some of these processes (Couso et al., 1995;
ouso and Martinez Arias, 1994). This possibility is sup-
orted by the observation that loss of Notch function
uring embryogenesis and larval life generates wingless-
ike mutant phenotypes (Couso and Martinez Arias, 1994;
artinez Arias, 1998) and by the existence of alleles of
otch which appear to be specifically sensitive to the loss
f wingless function (Brennan et al., 1997; Couso and
artinez Arias, 1994; Martinez Arias, 1998). In this case the
trong genetic interaction observed between the Notch and
wingless genes is interpreted as a severe loss of Wingless
signalling due to the removal of a receptor.
To analyse functional interactions of Notch and Wingless
signalling during the development and patterning of the
wing, we have studied the effects of over-expressing various
dominant negative Notch molecules. These experiments
reveal that the cell death caused by expressing these mol-
ecules cannot be suppressed by provision of constitutive
Notch (Nintra) signalling but can be suppressed by coex-
pression of some of these molecules with Wingless. This
suggests that Notch might interact with molecules other
than Delta and Serrate and that Wingless is a prime candi-
date. Finally we discuss the interactions we observe be-
tween Notch and Wingless signalling in light of the models
presented above.
MATERIALS AND METHODS
Drosophila Strains
Two different Wingless constructs under the control of the
GAL4 upstream-activating sequence (UAS), UASwg and UASwgIL,
ave been used. The UASwg construct encodes the wild-type
ingless protein. The UASwgIL construct has been described
reviously (Wilder and Perrimon, 1995) and the protein it encodes
s temperature sensitive; no effects are observed when the protein
s overexpressed at 25°C, but the function of the protein encoded by
his construct increases as the temperature of the experiment
ecreases. To activate Wingless signalling within the cell we have
sed two different Armadillo constructs, UASarm* and UASarm.
UASarm* encodes an activated form of Armadillo, which has been
described previously (Pai et al., 1997; Zecca et al., 1996), whilst
UASarm encodes the wild-type Armadillo protein (Sanson et al.,
996).Three different ECN constructs have been used: UASECN,
ASECND10-12, and UASECND17-19;24-26. The UASECN con-
Copyright © 1999 by Academic Press. All righttruct encodes a Notch protein that consists of the extracellular
nd transmembrane domains only. UASECND10-12 and
UASECND17-19;24-26 constructs are derived from the UASECN
construct but the encoded Notch proteins lack EGF-like repeats
10–12 and EGF like repeats 17–19 and 24–26, respectively. The
cloning of these UAS constructs is described in the accompanying
paper (Brennan et al., 1999). UASFLN encodes a full-length wild-
type Notch protein (Klein et al., 1997), whilst UASNintra encodes
the intracellular domain of Notch only (Klein and Martinez Arias,
1998b).
The GAL4 driver stocks used are sdGAL4;aplacZ/CyOwg lacZ,
sdGAL4;If/CyOwg lacZ;UASwgIL/TM6B, sdGAL4;;neuA101.F3/TM6B,
nd w;aplacZ/CyOwg lacZ;dppGAL4/TM6B. The first three stocks
allow the global expression of the different UAS constructs in the
wing under the control of the scalloped promoter and the expres-
sion of the endogenous wingless and neuralised genes to be
monitored by the expression of a b-gal reporter gene. The last stock
allows the expression of different UAS constructs in a stripe along
the anterior side of the anterior/posterior compartment boundary
and the expression of the endogenous wingless gene to be moni-
tored.
X-Gal Stains
The expression of the endogenous wingless and the neuralised
genes was detected by the expression of a b-gal reporter gene
nserted in the two loci. The expression of b-gal was determined by
X-gal stains. Selected larvae were dissected in cold PBS and fixed for
4 min in 2.5% glutaraldehyde in PBS. After washing in 0.3% Triton
X-100 in PBS the presence of the lacZ protein was revealed using
X-gal following standard procedures (Ashburner, 1989). The speci-
mens were then mounted in 75% glycerol.
Wing Preparations
The flies used for wing preparations were collected and stored in
SH solution (25% glycerol and 75% ethanol). Wings were prepared
by removing them from the notum with watchmaker’s forceps in a
dissecting dish containing tap water and were mounted in Hoyer’s
medium (Ashburner, 1989). For flies that died as pharates, the
wings were initially inflated by cooking the whole fly, once the
pupal membrane had been removed from the wings, in 10% NaOH
(w/v) for 1 h on a hot plate at 60°C in a dissecting dish. Once the
wings were inflated the flies were moved into a dissecting dish
containing tap water. The wings were then mounted in the same
manner as described above.
RESULTS
To test functional interactions between Notch and Wing-
less, we have made use of the GAL4/UAS expression
system (Brand and Perrimon, 1993) to direct the expression
of wild-type and mutant forms of components of the Notch
and Wingless signalling pathways, alone or in combination,
during wing development. An important element of this
analysis is a Notch molecule which lacks the intracellular
domain, ECN. This molecule is expected to interact with
extracellular molecules but should not be capable of gener-
ating an intracellular signal. Consequently expression of
this molecule is expected to disrupt Notch signalling.
s of reproduction in any form reserved.
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212 Brennan et al.However, the dominant negative behaviour of this protein
may arise from it sequestering ligand molecules or full-
length endogenous Notch proteins. Experiments on the
activity of this molecule during wing development indicate
that its effects are not titrated out by increasing the con-
centration of full-length Notch receptor, but that they can
be neutralised by its coexpression with either Delta or
Serrate (see Jacobsen et al., 1998; T. Klein, K. Brennan, N.
Lawrence, and A. Martinez Arias, unpublished results).
These results indicate that ECN is primarily sequestering
ligand.
ECN Reveals a Function of Notch That Is
Independent of Nintra
Expression of ECN at 17°C during larval development
throughout the developing wing disrupts the development
of the appendage. There are two components to this effect.
First there is a considerable disruption of wingless expres-
sion at the dorsal/ventral boundary and also a fair amount
of cell death concentrated around the margin region (see
Figs. 1B and 4A). In addition these discs exhibit a wing
pouch that is much smaller than that of wild-type discs. If
these effects relied solely on the well-characterised Delta/
Serrate-dependent function of Notch, we might expect
them to be rescued by coexpression of ECN with the
cytoplasmic form of Notch, Nintra, which provides consti-
tutive Delta/Serrate signalling when overexpressed during
wing development (Klein and Martinez Arias, 1998a; Panin
et al., 1997).
Expression of Nintra throughout the wing results in
ubiquitous expression of margin-specific markers, such as
wingless, and an oversized wing pouch (see Figs. 1C and 1D;
Klein and Martinez Arias, 1998b). However, while coex-
pression of Nintra with ECN does result in the ubiquitous
induction of wing margin-specific markers (see Fig. 1E), it
cannot rescue the viability of many of the cells in the wing
pouch (see Fig. 1F). Since in our experiments we have never
observed cell death as a result of Nintra expression, this
result suggests that the ECN molecule is affecting the
signalling of proteins different from Delta and Serrate and
that coexpression of Nintra with ECN cannot rescue the
loss of signalling through this pathway.
Overexpression of Wingless but Not an Activated
Form of Armadillo Suppresses Some
of the Effects of ECN
Notch signalling at the dorsal/ventral interface triggers a
series of regulatory events that is essential for the develop-
ment and patterning of the wing. One of these is the
expression of wingless at the wing margin which is thought
to provide an important reference for the development of
the wing (Diaz Benjumea and Cohen, 1995; Zecca et al.,
1996). For this reason, it may be that many of the effects of
ECN are due to its effects on the expression of wingless at
the wing margin. To test this, first we have compared the
Copyright © 1999 by Academic Press. All rightffects of expressing Wingless alone or together with ECN
n wing development (see summary in Table 1).
Continuous overexpression and ectopic expression of
ingless during wing development affects the size and
hape of the initial wing primordium without stimulating
roliferation (see Fig. 2; De Celis et al., 1996; Klein and
artinez Arias, 1998ab, 1999). In our experiments we used
wo Wingless proteins under the control of the GAL4/UAS
xpression system: one wild-type (UASwg) and the other
he temperature-sensitive allele wgIL114 (UASwgIL), which
rovides weaker Wingless activity. The wings that result
rom the ectopic overexpression of UASwgIL are wild type
n size with a few blisters, some extra sensory organs, and
nlarged veins (see Fig. 3C; Klein et al., 1997) and do not
xhibit dead cells in the wing pouch (see Fig. 2D). Expres-
ion of UASwg results in wings smaller than wild type with
large number of sensory organs (see Fig. 3E) but, like
ASwgIL, UASwg does not affect the viability of the cells
n the wing pouch (see Fig. 2F). It is likely that the
ifference in final size of the wings resulting from the
xpression of the two UAS constructs is due to the exten-
ive neural development of the wings generated by the
ASwg construct, which will affect the final size and shape
f the wing.
Coexpression of either UASwg or UASwgIL with ECN
escues the size of the wing pouch caused by expression of
CN alone (see Fig. 4). However, examination of the devel-
pment of this phenotype shows that each Wingless protein
as a specific effect on cell death and on the disruption of
g expression at the dorsal/ventral boundary caused by
CN. Coexpression of the wild-type Wingless protein with
CN results in a partial rescue of the endogenous expres-
ion of wingless at the wing margin, particularly in the
ateral regions of the wing pouch (Fig. 4B) and in a change in
he pattern of cell death. Expression of ECN results in cell
eath restricted to the wing margin, whilst coexpression of
CN and Wingless leads to cell death over the whole
eveloping pouch (compare Figs. 5A and 5B). On the other
and, coexpression of the temperature-sensitive Wingless
rotein, WgIL, with ECN abolishes the cell death caused by
ECN alone (compare Figs. 5A and 5C) but can only effect a
mild rescue of the effects of ECN on the expression of
wingless at the wing margin (Fig. 4C). Also there are
differences in the appearance of the wings generated by each
combination. In the case of UASECN and UASwg, the wing
is small and bears a number of bristles (see Fig. 3F). In
contrast, coexpression of the UASECN and UASwgIL re-
sults in wings that look very much wild type and in many
instances display a partial restoration of bristles at the edge
(see Fig. 3D). In addition, these wings display enlarged veins
which are much broader than those produced by either
UASECN or UASwgIL on their own (compare Figs. 3B–3D).
Since the expression of the wingless gene at the wing
margin has been shown to be a target of Delta/Serrate
signalling (Diaz Benjumea and Cohen, 1995; Rulifson and
Blair, 1995), it is possible that when overexpressed with
ECN, Wingless is simply replacing the defects of endoge-
s of reproduction in any form reserved.
213Wingless and Notch Molecules in Drosophila WingFIG. 1. Effects of coexpression of Nintra and ECN with sdGAL4 on wing development and patterning monitored by the expression of
wingless as reported by a wgLacZ reporter, in the third larval instar. (A) Wild-type wing disc. (B) Wing disc from a sdGAL4.UASECN fly.
The wing pouch is much reduced in size and has lost the margin. (C) Overexpression of Nintra produces an overgrown wing pouch which
contains ubiquitous expression of wingless. The ubiquitous expression of wingless is expected as the expression of wingless in the wing
pouch of a third instar disc is dependent on Notch/Su(H) signalling. (D) Detail of the disc in A showing the smooth appearance of the surface
of the developing wing blade. (E) Coexpression of Nintra and ECN rescues the loss of wingless expression and the reduction of size caused
by ECN alone (compare with B). (F) Detail of the disc in E showing clusters of refractile cells, most likely dead, which can be seen when
ECN is overexpressed and whose viability is not rescued by Nintra.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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214 Brennan et al.nous wingless expression caused by the disruption of Notch
signalling by the ECN molecule. If this were the case,
activating the Wingless signalling pathway downstream of
Wingless should rescue the effects caused by ECN in a
similar manner to overexpressing the two Wingless pro-
teins. We have tested this by using an altered form of
Armadillo, Arm*, which when overexpressed generates a
constitutive Wingless signal (see Figs. 2G and 3G; Pai et al.,
1997; Zecca et al., 1996). We find that when UASarm* is
coexpressed with UASECN, it changes the pattern of cell
death and the size of the wing pouch caused by overexpress-
ing ECN in a manner similar to UASwg. However, it has
negligible effects on the defects in the expression of wing-
less at the wing margin caused by ECN alone (see Figs. 4D
and 5D).
Since coexpression of either Wingless or Arm* can com-
pensate for some of the defects caused by overexpressing
FIG. 2. Effects of activation of Wingless signalling on wing develop
throughout the developing wing using sdGAL4 and the effect they
of a lacZ gene inserted into the wingless locus. All experiments wer
in B shows the smooth appearance of the epithelium and the absence
n the development and patterning of the wing in the third instar.
f the hinge region but does not affect the viability of the cells as
ABLE 1
nteractions between Notch and Wingless Signalling during Wing
UAS constructs expressed
Size of the
wing pouch
ECN Small
ECND10–12 Small
ECND17–19;24–26 Small
Wg WT
wgIL WT
arm* WT
wg 1 ECN .ECN
wgIL 1 ECN .ECN
arm* 1 ECN .ECN
wgIL 1 ECND10–12 WT
wgIL 1 ECND17–19;24–26 WT
Note. Discs expressing the different combinations of the UAS co
wingless along the wing margin, and the presence of cell death. Expr
was larger than that seen when ECN is expressed alone but smaller
was disrupted by the expression of any of the ECN molecules, but th
protein. Expression of Wingless with ECN markedly rescued wing
expression weakly. In contrast expression of WgIL with ECND10–12
cored by the presence of highly refractile cells that were not part o
arge number of dying cells; 11, moderate number of dying cells) an
egion, (2)cell death diffuse over the wing pouch region) were notedrmadillo (Arm*) has similar effects as those caused by over expression
inge.
Copyright © 1999 by Academic Press. All rightCN, this shows that Wingless is functionally downstream
f Notch signalling. However, this cannot explain other
bservations in particular that Wingless, but not Wingless
ignalling (Arm*), can rescue the disruption of wingless
xpression at the wing margin caused by expressing ECN.
inally the apparent difference in the ability of the wild-
ype Wingless and Arm* proteins and the WgIL to rescue
he cell death caused by expressing the ECN protein is
robably due to the excessive neural development that
ccurs when UASwg or UASarm* are expressed with
ASECN. In each case the activation of Wingless signalling
ppears to rescue the cell death caused by expressing the
CN protein as cell death concentrated along the margin is
o longer seen. However, extreme neural development in
he wing occurs when either UASwg or UASarm* is coex-
ressed with UASECN (see Figs. 9E–9H), which does not
ccur when the WgIL and ECN proteins are expressed
t and patterning. UASwg, UASwgIL, and UASarm* were expressed
on wing development was monitored by examining the expression
formed at 17°C. (A, B) Wild-type wing disc. The detail of the pouch
ying cells. (C, D) Overexpression of the WgIL protein has little effect
Overexpression of a wild-type Wingless protein increases the size
detail shown in F. (G, H) Overexpression of an activated form of
lopment
Expression of
wingless at the
wing margin
Presence of cell death
within the wing
pouch
Little 111 (1)
Some, diffuse 111
Some, diffuse 111
WT None
WT None
WT None
@ECN 11 (2)
.ECN None
Little 11 (2)
WT None
Some, sharp None
ucts were scored for the size of the wing pouch, the expression of
n of Wingless, WgIL, or Arm* with ECN led to a wing pouch which
wild type (see text). The expression of wingless at the wing margin
ression was disrupted to the greatest extent by expressing the ECN
xpression, whilst coexpression of WgIL and ECN rescued wingless
pletely recovered wingless expression at the margin. Cell death was
epithelial sheet of the wing. Both the number of dying cells (111,
ir position in the notum ((1)cell death restricted to the wing marginmen
have
e per
of d
(E, F)
theDeve
nstr
essio
than
e exp
less e
com
f theof Wingless, although it causes more dramatic enlargement of the
s of reproduction in any form reserved.
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216 Brennan et al.together (see Figs. 9C and 9D), due to the stronger Wingless
signal generated by expressing Wingless and Arm*. The
development of supernumerary sense organs occurs
throughout the wing disc and is probably the cause of the
cell death observed when either Wg or Arm* are expressed
with the ECN protein. Therefore, expressing WgIL with
ECN most likely provides a sufficiently strong Wingless
signal to rescue the cell death caused by expressing the
ECN which is not strong enough to cause neural develop-
ment.
The Interaction between Wingless and ECN
Requires EGF-like Repeats 17–19 and 24–26
but Not 10–12
To test further the interactions between Notch and
Wingless signalling during wing development, we have
tested the interactions between Wingless and ECN mol-
ecules which bear deletions of functionally significant
EGF-like repeats. We have deleted EGF-like repeats 10–12
as these repeats have been shown previously to be involved
in the interaction of Notch with its ligands Delta and
Serrate (De Celis et al., 1993; Jacobsen et al., 1998; Lieber et
l., 1992; Rebay et al., 1991). We have also deleted EGF-like
epeats 17–19 and 24–26. Repeats 24–26 were deleted as
hey contain the site of many of the Abruptex mutations of
otch (Brennan et al., 1997; Hartley et al., 1987; Kelley et
l., 1987), whilst repeats 17–19 were deleted as their pri-
ary sequence is similar to EGF-like repeats 24–26 (Tate-
on, 1998). In these experiments we have used the
ASwgIL construct to eliminate the effects of neuralisation
aused by high levels of Wingless signalling.
During wing development, ECN molecules deleted for
he EGF-like repeats 10–12 (ECND10-12) cannot interact
ith Delta, but can still interact with Serrate (T. Klein, K.
rennan, N. Lawrence, and A. Martinez Arias, unpublished
esults). On the other hand, an ECN molecule deleted for
GF-like repeats 17–19 and 24–26 (ECND17-19;24-26) can
nteract weakly with Delta and efficiently with Serrate (T.
lein, K. Brennan, N. Lawrence, and A. Martinez Arias,
npublished results). Ubiquitous expression throughout the
ing of ECND10-12 or ECND17-19;24-26 results in a small
ing pouch and a broad diffuse wing margin as revealed by
xpression of wingless in the third instar (see Figs. 6A, 6C,
6E, and 6G). Overexpression of WgIL with these molecules
leads to differing phenotypes. Coexpression of WgIL with
ither ECND10-12 or ECND17-19;24-26 rescues the cell
eath caused by the ECN molecules alone and sharpens
ndogenous wingless expression at the margin (Figs. 6B, 6D,
F, and 6H). However, Wingless exerts a remarkable rescue
f the loss of endogenous wingless expression at the wing
argin caused by ECND10-12, whilst it has little effect on
he wing margin defects caused by ECND17-19, 24-26.
As in the case of ECN, overexpression of Wingless can
escue some functions of Notch that are disrupted by both
CND10-12 and ECND17-19;24-26, notably the cell death,
ndicating that Wingless signalling can function down-
s
d
Copyright © 1999 by Academic Press. All righttream of Delta/Serrate signalling during wing develop-
ent. However, the differential effects of Wingless overex-
ression on the defects at the wing margin again indicate
hat this scenario cannot explain all the observations.
Ectopic Wingless Enhances Delta Mutant
Phenotypes during the Patterning
of the Wing Veins
When overexpression of Wingless or Armadillo does
not induce ectopic bristles on the wing blade, by overex-
pressing the temperature-sensitive Wingless or the wild-
type Armadillo proteins, respectively, it reveals an effect
on the patterning of the veins of the wings; they appear
thickened and deranged (see Figs. 3C, 7C, and 7E). As the
width of the veins is governed by a lateral inhibition
signal (see Fig. 7B), the effects of Wingless and Armadillo
might be due to an interaction between the Wingless and
Notch signalling. To test this we have examined the
effect that expressing WgIL or Arm has on wing vein
development when lateral inhibition signalling is com-
promised. Flies heterozygous for Delta have reduced
Notch activity during lateral inhibition and display mild
“deltas” at the tip of the veins (see Fig. 7B). These veins
are dramatically enlarged when Wingless is overex-
pressed in Dl/1 flies (see Fig. 7D) but are not affected
significantly when Armadillo is overexpressed (see Fig.
7F) in this background.
Since Wingless has not been reported to have an effect on
the patterning of the wing veins, the effects that we observe
are likely to be due to an interference of the ectopic
Wingless protein with the endogenous Notch signalling.
A Reduction in Notch Function Increases the
Ability of Wingless Signalling to Induce Sense
Organ Precursors in the Wing
Overexpression of Wingless throughout the wing blade
results in the appearance of extra SOPs as indicated by
the ectopic expression of neuralised in the wing disc (see
ig. 8C) and appearance of extra sensory bristles on the
ing (see Fig. 3E). These SOPs are visible in the third
arval instar, are evenly spaced, cover the whole of the
nterior compartment, and persist into the pupal stages
see Figs. 8C and 8D). Overexpression of Dishevelled (see
ig. 8B; Axelrod et al., 1996) has a similar effect to
verexpression of Wingless, whilst overexpression of
gIL does not lead to extra neural development in the
ing pouch (data not shown). However, overexpression of
rm* induces relatively few SOPs in the third larval
nstar (see Fig. 8E), although the number increases during
upal stages (see Fig. 8F). The differential effects of Arm*
nd Wingless cannot be due to different strengths of the
nserts since in other instances, where only a Wingless
ignal is required, overexpression of the same inserts
isplay comparable effects. For example expression of the
s of reproduction in any form reserved.
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217Wingless and Notch Molecules in Drosophila WingFIG. 3. Wings resulting from the simultaneous activation of Wingless signalling and ECN expression under the control of sdGAL4 at
17°C. (A) Wild-type wing displaying a row of bristles along the edge of the wing and the pattern of veins that cross the surface. The bristles
are thicker at the anterior margin. (B) Wing resulting from overexpression of ECN. The margin at the anterior and posterior regions has been
lost and the only vestige of margin is at the most distal tip of the wing. (C) Wing resulting from expression of UASwgIL. Ectopic bristles
can be observed in the neighbourhood of the margin. The crumpled appearance of the wing is due to problems of adhesion between the two
surfaces. (D) Wing resulting from coexpression of UASwgIL and UASECN. Expression of the WgIL protein with ECN rescues the tissue lost
y expression of ECN alone (compare with B) and rows of bristles can be seen along the anterior margin. Expression of these proteins also
eads to the gross thickening of the veins. (E) Wing resulting from expression of a wild-type Wingless molecule. The wing is covered with
ristles, particularly at the anterior end and appears smaller (see text for details). (F) Wing resulting from coexpression of wild-type Wingless
ith ECN. In these wings there is more margin present in the proximal region than in wings expressing ECN alone (compare to B) although
he wings are smaller and lack many of the wg-dependent bristles. (G) Wing resulting from overexpression of activated Armadillo (Arm*).
otice the similarity of this wing with that shown in E, although in this case the size is bigger and the bristles less dense. (H) Wing resultingrom overexpression of Arm* with ECN. These wings appear to be a combination of the phenotypes generated by expressing the ECN and
rm* proteins alone; namely, the wings lack a margin and are covered with bristles.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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218 Brennan et al.two inserts during the induction of the wing primordia,
in the early phases of wing development (see figure 8G
and H; Couso et al., 1993; Ng et al., 1996), or the
ormation of the naked cuticle of the larva (K. Brennan,
npublished results; Pai et al., 1997) results in very
imilar phenotypes.
Expression of ECN eliminates the wing margin and, as a
onsequence of the loss of wingless expression, abolishes
eurogenesis (see Figs. 9A and 9B). Coexpression of Wing-
ess (Figs. 9G and 9H), but not WgIL (Figs. 9C and 9D), with
CN results in the production of SOPs, but displays two
ffects relative to expression of Wingless alone in third
FIG. 4. Results of simultaneous activation of Wingless signalling
in third instar larval discs. The margin is revealed by the expressio
erformed at 17°C. (A) Expression of ECN results in a severe disrupt
f wingless expression. (B) Coexpression of Wingless with ECN sig
he appearance of continuous regions of wingless expression. Al
oexpression of the WgIL and ECN also results in a rescue of the ef
appreciably weaker than when Wingless is expressed with the
Coexpression of Arm* with ECN has little effect on the disruption
size of the wing pouch.arval instar discs; it increases the number of SOPs per unit
rea and disrupts the regularity of their spacing. Similarly,
r
m
Copyright © 1999 by Academic Press. All rightoexpression of Arm* with ECN increases the number of
OPs per area and disrupts their spacing, but it also leads to
significant increase in the area covered by SOPs relative to
rm* alone (compare Figs. 8E and 9E). In these experi-
ents, unlike those described above with UASwg and
ASarm* alone, the pattern of SOPs generated by the
oexpression of ECN and Wingless is very similar to that
licited by the coexpression of ECN and Arm*.
These results are surprising and suggest that the differ-
nce seen in the phenotypes observed by expressing UASwg
nd UASarm* is due to a function of Notch that is dis-
upted by expressing the ECN protein which can be dis-
ECN expression with sdGAL4 on the integrity of the wing margin
lacZ gene inserted into the wingless locus. All experiments were
f the wing margin, as indicated by the almost complete elimination
ntly rescues the effects of expression of ECN alone as revealed by
e wing pouch is larger than when ECN is expressed alone. (C)
of expression of ECN alone on the wing margin, but the rescue is
protein. However, the size of the wing pouch is similar. (D)
he wing margin caused by ECN alone, although it does rescue theand
n of
ion o
nifica
so th
fects
ECNupted by Wingless but not Arm*. The results are sum-
arised in Table 2.
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219Wingless and Notch Molecules in Drosophila WingDeletion of Different EGF-like Repeats from the
ECN Molecule Alters Its Ability, When
Coexpressed with Wingless, to Increase the
Number of Sense Organ Precursor Cells
Induced by Wingless
The observation that ECN molecules lacking different
EGF repeats display different interactions with Wingless
during the development of the wing led us to explore if this
was also the case during neurogenesis over the wing blade.
As we have indicated above ECN increases the density of
SOPs induced by Wingless (see Figs. 10A and 10B). In
FIG. 5. Results of simultaneous activation of wingless signalling
wing pouch. (A) Expression of ECN alone generates a small wing
granulated cells that are not integrated in the epithelium, which are
should have formed. (B) Coexpression of Wingless with ECN result
cells being found throughout the pouch. (C) Coexpression of the W
dying cells. These discs look very much wild type at this stage. (D
similar to those expressing both Wingless and ECN in that there
Apares cell death, however, appears now widely distributed througcontrast, wings expressing Wingless with ECND10-12 dis-
play only slightly more SOPs than those expressing Wing-
a
w
Copyright © 1999 by Academic Press. All rightess alone, with the SOPs being for the most part regularly
paced (compare Figs. 10A and 10C, and 10D). On the other
and, wings expressing Wingless together with ECND17-
9;24-26 display a marked increase in the density of SOPs
hich appear in compact clusters and are not regularly
paced (compare Figs. 10A and 10F).
These results are summarised in Table 2 and suggest that
he spacing of the sense organ precursors induced by Wing-
ess is reduced when Wingless is coexpressed with ECN
olecules that can interact and sequester Delta; namely,
xpression of ECN and ECND17-19;24-26 with Wingless
ECN expression with sdGAL4 on cell viability in the developing
h with a large number of dead or dying cells, visible as refractile
cipally located in the middle of the small pouch where the margin
reduction of dying cells and in a change in the pattern, with dying
rotein with ECN results in an almost complete elimination of the
expression of Arm* with ECN results in discs which appear very
uppression of the number of dying cells around the wing margin.
t the pouch (see text).and
pouc
prin
s in a
gIL p
) Co
is a slters the spacing of the resultant sense organ precursors,
hilst ECND10-12 does not.
s of reproduction in any form reserved.
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220 Brennan et al.FIG. 6. Results from expression of WgIL with different ECN molecules under the control of sdGAL4 at 21°C. (A) Wing resulting from
overexpression of ECND10-12. The majority of the anterior and posterior wing margins are absent. (B) Wing resulting from coexpression of
ECND10-12 with WgIL. The wing margin and wing tissue have been restored almost to wild type. (C) wingless expression in a third instaring disc in which ECND10-12 is overexpressed. The wing pouch is small and the margin is interrupted and diffuse. (D) wingless expression
n a third instar wing disc where the ECND10-12 and WgIL proteins have been overexpressed. Compare with C and notice that the wing
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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221Wingless and Notch Molecules in Drosophila WingDISCUSSION
The development and patterning of the wing of Drosoph-
la depend on a series of cell interactions mediated by a
margin expression is now normal and that the size of the pouch has
The wing is similar to those produced by expressing ECND10-12 w
resulting from overexpression of ECND17-19;24-26 with WgIL. Alt
ompared to those expressing ECND17-19;24-26 alone, the marg
ingless function has been eliminated throughout the third larval i
disc expressing ECND17-19;24-26. The wing pouch is very small and
FIG. 7. Effects of overexpression of WgIL or Arm with sdGAL4 in
a sdGAL4/1;;DlFX3/1 fly. The veins are thicken in these wing
Overexpression of WgIL (C) or the wild-type Armadillo protein (E) i
of veins. (D) Overexpression of the WgIL protein in a DlFX3/1 fl
verexpression of the wild-type Armadillo protein in a DlFX3/1 flyinstar larval disc where both ECND17-19;24-26 and WgIL are expressed.
not the expression of wingless at the wing margin.
Copyright © 1999 by Academic Press. All rightmall number of signalling molecules that include,
mongst others, elements of the Notch and Wingless sig-
alling pathways. Losses of the activity of the Notch
eceptor, or of its ligands Delta and Serrate, disrupt the
increased. (E) Wing resulting from expression of ECND17-19;24-26.
he majority of the anterior and posterior margins absent. (F) Wing
h there has been some restoration of wing tissue in these wings
mains severely disrupted. These wings resemble those in which
r (Couso et al., 1994) (G) wingless expression in a third instar larval
margin is interrupted and diffuse. (H) wingless expression in a third
ta/1 mutant wings. (A) Wing from a sdGAL4/1 fly. (B) Wing from
rticularly at the margin and in the region of the cross veins.
ild-type background only produces mild disruption of the pattern
ses a dramatic increase in the width of the veins. In contrast,
not significantly alter the DlFX3/1 phenotype.been
ith t
houg
in re
nsta
theDel
s pa
n a wThe tissue of the wing pouch has been restored relative to G, but
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223Wingless and Notch Molecules in Drosophila Wingdevelopment of the wing in a variety of manners, from the
complete loss of the wing to more subtle but clear effects on
its pattern of veins and bristles (Couso and Martinez Arias,
1994; De Celis and Garcia Bellido, 1994). This function
requires the cleavage of the intracellular domain of Notch
and the nuclear localisation of the intracellular domain to
interact with Su(H) and promote transcription of various
genes (Kidd et al., 1998; Lecourtois and Scweisguth, 1998;
Schroeter et al., 1998; Struhl and Adachi, 1998).
Expression of a dominant negative Notch molecule
ECN) throughout the developing wing mimics the effects
f loss of Notch function. However, we have shown here
hat Nintra cannot rescue the cell death caused by overex-
ressing ECN (see Fig. 1). Since Nintra provides constitu-
ive signalling for Delta and Serrate during wing develop-
ent (Diaz Benjumea and Cohen, 1995; Klein and Martinez
rias, 1998b; Panin et al., 1997) and the effects of ECN are
ediated by the sequestration of extracellular molecules
hat can interact with Notch (T. Klein, K. Brennan, N.
awrence, and A. Martinez Arias, unpublished results), this
esult suggests that the ECN molecule is sequestering
xtracellular molecules other than Delta and Serrate and
ttenuating signalling through another pathway. One can-
idate pathway is the Wingless signalling pathway as the
ell death caused by expressing the ECN can be rescued by
ctivating Wingless signalling. Therefore, it is possible that
he ECN molecule is sequestering the Wingless protein.
The possibility that Wingless can bind the extracellular
omain of Notch is supported by the results that we have
resented here, in particular, by two observations: first, that
ome of the deleterious effects of ECN can be suppressed by
ingless, but not Wingless signalling in the form of a
onstitutively active Armadillo molecule; and second, that
his interaction requires specific EGF-like repeats of Notch
see below). Evidence for a physical interaction between
otch and Wingless has also been provided recently by
esley (1999) who finds that the Wingless protein is
nriched in a biopanning assay designed to identify proteins
FIG. 8. Effects of ectopic activation of Wingless signalling with
xperiments were carried out at 17°C and discs were staged accordi
rgan precursors (SOPs) revealed by the expression of a lacZ gene in
f evenly spaced SOPs that will develop into the chemosensory org
hown). (B) Effect of overexpression of Dishevelled on the pattern
ompartment is covered with evenly spaced SOPs (see inset). (C,
andering larval (C) and white pupal (D) wing discs. In both instan
venly spaced (see insets) as in the case of overexpression of Dishe
n wandering larval (E) and white pupal (F) wing discs. Notice tha
ingless (C, D), the effects of overexpressing Arm* are weak. Fe
ocations. Comparison of E and F indicates the effects increase as d
ontrast to the very different effects of overexpressing Wingless and
eveloping wing pouch, they have very similar effects in other s
nduction of the wing primordium during the early stages of wing
996). (G) Overexpression of Wingless with dppGAL4 at 25°C in th
s the primordia invades the notum (arrow) (Klein and Martinez Arias, 19
lso leads to an enlarged wing primordia that is comparable.
Copyright © 1999 by Academic Press. All righthat interact with the extracellular domain of the Notch
rotein and that Wingless can be immunoprecipitated with
otch from embryo extracts and cultured cells. These
xperiments also show that the association of Wingless
ith Notch requires the integrity of a region of Notch
entred around EGF-like repeats 24–26 (Wesley, 1999)
hich our experiments indicate are essential for the inter-
ctions that we have described between Wingless and ECN
uring wing development and patterning.
Interactions between Notch and Wingless during
Wing Development
The strong genetic interactions observed between Notch
and wingless mutants during wing development (Couso and
artinez Arias, 1994) have been explained in a number of
ifferent ways. One explanation for these interactions is
erived from a proposed organising activity of Wingless
uring wing development. In this model, expression of
ingless at the wing margin under the control of Notch/
u(H) signalling provides a source of Wingless that organ-
ses the development and patterning of the wing (Diaz
enjumea and Cohen, 1995; Neumann and Cohen, 1996;
ecca et al., 1996) and the genetic interaction between the
wo genes is thus due to losses in Delta/Serrate signalling
ausing loss of Wingless expression at the wing margin
Diaz Benjumea and Cohen, 1995; Rulifson and Blair, 1995).
his model predicts that ectopically activating Wingless
ignalling will suppress decreases in Notch signalling. We
ave tested this and find that coexpression of Wingless, or
n activated form of Armadillo, Arm*, with ECN, can
uppress some, but not all, of the deleterious effects caused
y the expression of ECN alone. Therefore, Wingless sig-
alling is downstream of Notch function during wing
evelopment. However, an analysis of the losses of Notch
unction induced by ECN that are not rescued by Wingless
ignalling reveals some differences in the interactions of
CN with Wingless and Arm*. For example, ECN disrupts
L4 on the development of sensory organs in the wing pouch. All
the pattern of SOPs in the notum. (A) Wild-type pattern of sensory
ed into the neuralised locus. In the wing pouch there are two rows
see inset). This pattern remains in the early pupal stages (data not
OPs in a disc from a wandering larva. The whole of the anterior
ffects of overexpression of Wingless on the pattern of SOPs in a
e whole anterior compartment is covered by SOPs that are always
d. (E, F). Effects of overexpression of Arm* on the pattern of SOPs
comparison with the effects of overexpressing Dishevelled (B) or
Ps develop in the wing pouch which are restricted to particular
opment proceeds. Insets show that the SOPs are always spaced. In
* have on the development of supernumerary sense organs in the
ions where only a Wingless signal is required. For example, the
lopment requires a Wingless signal (Couso et al., 1993; Ng et al.,
g disc leads to an increased wing primordia which distorts the discsdGA
ng to
sert
ans (
of S
D) E
ces th
velle
t in
w SO
evel
Arm
ituat
deve
e win
98a). (H) Similarly, overexpression of Arm* with dppGAL4 at 25°C
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225Wingless and Notch Molecules in Drosophila Wingthe expression of Su(H) targets at the wing margin, such as
Wingless expression, and coexpression of ECN with
UASwg, but not with UASarm*, can suppress this effect
see Fig. 4).
Since the target of this suppression is the expression of
ingless at the wing margin, it is possible that the differ-
nces that we observe between the coexpression of ECN
ith Wingless and Arm* are related to the autoregulation of
ingless expression. In the embryo, Wingless is able to
ontrol its own expression, but this autoregulatory signal
as been shown not to require Armadillo (Hooper, 1994;
anoukian et al., 1995; Yoffe et al., 1995). A similar
cenario at the wing margin (Rulifson and Blair, 1995) could
xplain why Wingless but not Arm* can rescue the expres-
FIG. 9. Effects of ectopically activating Wingless signalling and r
the pattern of SOPs in the wing pouch. The left-hand panels are thir
wandering larvae. All experiments were performed at 17°C. (A, B)
of the ECN proteins eliminates the wing margin (see also Figs. 1
which causes a reduction in the number of SOPs in the wing. Tho
observation that this point is where wingless expression remains w
C, D) Effects of simultaneous overexpression of WgIL and ECN. No
ense organs. (E, F) Effects of overexpressing Arm* and ECN on
verexpressing Arm* alone (see Figs. 8E and 8F) the area covered by
paced (see insets) probably due to the effects of ECN on lateral i
ABLE 2
nteractions between Notch and Wingless Signalling during the
atterning of the Wing
UAS constructs
expressed
No. of
SOPs in
the blade
Spacing of
the SOPs
CN None
g 111 111
rm* 1 111
sh 111 111
gIL 1 ECN None
wg 1 ECN 111 1
arm* 1 ECN 111 1
wg 1 ECND10–12 111 11
wg 1 ECND17–19;24–26 111 None
Note. Discs expressing the different combinations of UAS con-
structs under the control of sdGAL4 were scored for the presence
and number of ectopic SOPs in the wing blade and the spacing of
the SOPs. Those discs with the greatest number of ectopic SOPs
were scored as 111 whilst those with the least were scored as 1.
Similarly those discs with the greatest spacing between the SOPs
were scored as 111 and those with the least were scored as 1. In
the discs expressing the ECN protein or ECN with WgIL, there
were no ectopic SOPs in the wing blade; therefore, the spacing was
not scored.attern of SOPs in the wing. The overall pattern of SOPs is similar to tha
he exception that the SOPs are not spaced (inset), probably because of
Copyright © 1999 by Academic Press. All rightion of wingless disrupted by ECN expression. However, if
his were the case, expression of Wingless should rescue
ny ECN-induced disruptions of wingless expression at the
ing margin. And yet, we observe that coexpression of
ASwgIL with ECND10-12 or ECND17-19;24-26 has mark-
dly different effects on wingless expression at the margin;
whereas UASwgIL completely rescues the effects of
ECND10-12 when both are coexpressed, it has negligible
effects on the defects induced by ECND17-19;24-26 (see Fig.
6). Therefore, it is unlikely that autoregulatory Wingless
signalling, alone, can explain the differences we observe
between the coexpression of UASECN with UASwg and
UASarm*.
The observation that in the developing wing blade Wing-
less signalling leads to the expression of Delta and Serrate
(de Celis and Bray, 1997; Micchelli et al., 1997) raises the
possibility that the rescue of the deleterious effects of ECN
on the endogenous expression of wingless at the margin by
Wingless might be mediated by induced Delta and Serrate.
However, if this were the case, we would expect Arm* and
Wingless to have similar effects when coexpressed with
ECN, as both molecules would be expected to induce Delta
and Serrate to similar extents because they activate Wing-
less signalling to similar extents (see Figs. 8G and 8H).
However, this is not the case (see Figs. 3–5). In addition, this
hypothesis cannot explain the ability of WgIL to strongly
rescue the disruption of wingless expression at the margin
by ECN as it activates Wingless signalling much more
weakly than Arm* which is unable to rescue the disruption
of wingless expression at the margin by ECN.
A different way to explain our results could be derived
from the suggestion that Wingless signalling interacts with
Notch signalling through Dishevelled, in particular, that
Wingless signalling leads to Dishevelled antagonising the
Su(H)-dependent function of Notch during neurogenesis
(Axelrod et al., 1996). During wing development this inter-
action has been proposed to refine wingless expression at
the margin from an initially broader domain defined by
Delta/Serrate signalling (Rulifson et al., 1996). This possi-
bility can explain why coexpression of UASwgIL with
ECND10-12 or ECND17-19;24-26 leads to much sharper
wingless expression at the margin (see Fig. 6). However, this
ing Notch function by expressing the different ECN molecules on
val instar wing discs and right-hand side panels are wing discs from
ts of overexpressing ECN on the pattern of SOPs. Overexpression
5) and consequently abolishes the endogenous source of wingless
at remain are at the most central spot, which correlate with the
the ECN protein is expressed with sdGLA4 at 17°C (see Fig. 1B).
that, in contrast to Wingless, WgIL does not induce supernumerary
pattern of SOPs in the wing. In comparison with the effects of
s in these discs has increased. In addition the SOPs are not evenly
ition. (G, H) Effects of coexpression of Wingless and ECN on theeduc
d lar
Effec
and
se th
hen
tice
the
SOP
nhib
t seen when Wingless is expressed alone (see Figs. 8C and 8D) with
the effects of ECN on lateral inhibition.
s of reproduction in any form reserved.
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226 Brennan et al.FIG. 10. Effects of coexpressing Wingless with ECN molecules deleted for different EGF repeats. (A) Overexpression of Wingless in the
ing pouch leads to spaced supernumerary sense organs. (B) The spacing of the sense organs is abolished when Wingless is expressed with
CN. (C, D) Effects of expressing Wingless with ECND10-12 on the pattern of SOPs in the wing. The pattern (C) and spacing (D) of SOPs
re reminiscent to that seen by expressing Wingless alone. (E, F) Effects of simultaneous overexpression of Wingless and ECND17-19;24-26
n the pattern of SOPs in the wing. The SOPs cover the same area (E) as in discs where Wingless has been overexpressed on its own, but
n contrast the spacing is abolished (F). This might be due to the fact that this ECN molecule, unlike ECND10-12, can sequester Delta and
ffect lateral inhibition.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
(
W
o
e
t
p
o
s
a
d
W
a
i
l
o
s
W
t
f
m
l
s
w
l
A
t
N
i
i
t
i
w
p
a
e
W
N
i
p
i
t
l
e
v
F
a
e
t
n
b
o
p
227Wingless and Notch Molecules in Drosophila Wingproposal also predicts that overexpression of Wingless
should prevent the expression of the endogenous wingless
gene since after activation Dishevelled should interfere
with Notch signalling. However, we do not observe this
even when we overexpress the wild-type Wingless protein
(see Fig. 2). Furthermore, when Wingless is coexpressed
with an ECN protein, this model would predict a decrease
in expression of the endogenous wingless gene rather than
the increase we observe (see Figs. 4 and 6). Therefore, the
possibility that Dishevelled acts as an antagonist of Notch/
Su(H) signalling cannot, on its own, explain our observa-
tions satisfactorily.
An alternative explanation for the strong genetic interac-
tions between the Notch and wingless genes during wing
development is that the Notch and Wingless proteins
interact directly (Brennan, 1997; Couso and Martinez Arias,
1994; Wesley, 1999; Young and Wesley, 1997). This possi-
bility is supported by biochemical data (Wesley, 1999) and
can explain why Wingless but not Arm* can counteract the
effects of ECN on the expression of the endogenous wing-
less gene at the wing margin since Wingless would be
capable of sequestering the ECN protein in a complex
outside the cell that prevents the ECN from disrupting
Delta/Serrate signalling. In this situation Wingless, but not
the intracellular Arm* protein, should effectively reduce
the concentration of the ECN protein that is able to inhibit
Notch/Su(H) signalling thus restoring the expression of
target genes of this pathway such as wingless (see Fig. 4). A
direct physical interaction between Wingless and Notch
can also explain the differences we observe when UASwgIL
is expressed with either UASECND10-12 or UASECND17-
19;24-26, if the interaction between Wingless and the ECN
protein requires the 17–19 and 24–26 EGF-like repeats. In
this case Wingless will be able to bind and sequester the
ECND10-12 protein but not the ECND17-19;24-26, which
will inhibit the effects of the ECND10-12 more strongly.
This will lead to greater expression of Wingless at the
margin when UASwgIL is expressed with UASECND10-12
than when UASwgIL and UASECND17-19;24-26 are coex-
pressed, as we observe (see Fig. 6).
Interactions between Notch and Wingless
Signalling during Lateral Inhibition
High levels of Wingless throughout the developing wing
induce widespread development of sensory organs (see Fig.
8), an observation which correlates with the requirement
for Wingless in this process during normal development
(Couso et al., 1994; Phillips and Whittle, 1993). However,
we have observed consistently that an activated form of
Armadillo has a much weaker effect than Wingless on
neural development (see Fig. 8). However, the difference is
unlikely to be due to a weak UASarm* insert used in our
experiments since in other instances where only a Wingless
signal is required, such as the induction of the wing
primordium during the early events of wing development h
Copyright © 1999 by Academic Press. All rightNg et al., 1996; Couso et al., 1993), overexpressing Arm* or
ingless has very similar effects (see Figs. 8G and 8H).
A possible insight into the differences that the expression
f Wingless and Arm* has on neurogenesis comes from the
xperiments where these two proteins are coexpressed with
he ECN molecule (see Fig. 9). In these experiments the
henotypes generated by expressing UASECN with UASwg
r UASarm* are very similar; namely, disrupting Notch
ignalling by expressing the ECN protein makes UASarm*
nd UASwg functionally equivalent. This suggests that the
ifference between the phenotypes generated by expressing
ingless and Arm* on their own might arise from the
bility of Wingless to inhibit Notch signalling which Arm*
s unable of doing; attenuating Notch signalling blocks
ateral inhibition which leads to increased numbers of sense
rgans. Since Wingless can activate Armadillo, overexpres-
ion of Wingless can achieve both effects simultaneously.
hen Arm* is coexpressed with ECN, the dominant nega-
ive molecule is reducing Notch signalling, providing the
unction of Wingless that is missing in Arm* and thus
aking this molecule functionally equivalent to Wingless.
These results raise the question of how Wingless signal-
ing inhibits Notch signalling and where in the Wingless
ignalling pathway the cross-talk between the two path-
ays occurs. The inability of Arm* to inhibit Notch signal-
ing indicates that the cross-talk must occur upstream of
rmadillo. One possibility is that the inhibition occurs
hrough Wingless interacting with the extracellular of
otch preventing the Notch protein from interacting with
ts ligands. However, it is more likely to occur through the
nteraction of Dishevelled with the intracellular domain of
he Notch protein which has been shown previously to
nhibit Notch signalling (Axelrod et al., 1996). In keeping
ith this we find that overexpressing the Dishevelled
rotein can induce sense organ development as effectively
s overexpressing Wingless which suggests that Dishev-
lled can also disrupt Notch signalling as effectively as
ingless. Finally, it is possible that the interaction of
otch with both Dishevelled and Wingless is required to
nhibit Delta signalling through Notch as it has been shown
reviously that the ability of overexpressing Dishevelled to
nduce supernumerary sense organs requires Wingless func-
ion (Axelrod et al., 1996).
An interference of Wingless signalling with Notch signal-
ing can also provide an explanation for the effects of
ctopic expression of Wingless on the patterning of the
eins and its sensitivity to the concentration of Delta (see
ig. 7). Overexpression of Wingless would reduce the avail-
bility of Notch for lateral inhibition by causing Dishev-
lled to sequester Notch into complexes that are unable to
ransduce the Delta signal. This will reduce the effective-
ess of lateral inhibition signalling, an effect which would
e exaggerated in situations of limiting signalling, as we
bserve in Dl heterozygotes or when Wingless is coex-
ressed with ECN.
The interaction of Wingless and Notch signalling we
ave observed might also be important during normal
s of reproduction in any form reserved.
C228 Brennan et al.neural development. Wingless and Delta have opposite
effects during neurogenesis; Wingless promotes while Delta
suppresses the development of sense organs (Couso and
Martinez Arias, 1994; Martinez Arias, 1998). Various ex-
periments suggest that during the segregation of neural
precursors a reduction of Notch signalling in the precursors
themselves is as important as the Delta-mediated activa-
tion of Notch signalling in the surrounding cells (Heitzler
and Simpson, 1991). It is possible that, like the activation of
Notch by Delta, the suppression of Notch signalling is an
active process mediated by the interaction of Wingless and
Dishevelled with Notch. If this were the case, since both
Delta and Wingless have spatially and temporally regulated
patterns of gene expression, their interactions with Notch
could contribute to the well-documented bias in the appear-
ance of precursors from clusters of cells with neural poten-
tial (Brennan et al., 1997; Couso and Martinez Arias, 1994;
ubas et al., 1991; Simpson, 1997). This competitive inter-
action could also account for the observed increases in
Wingless signalling associated with reductions in Notch
signalling during lateral inhibition (Axelrod et al., 1996;
this work).
ACKNOWLEDGMENTS
We thank M. Young and C. Wesley for sharing important results
before publication and M. Baylies, A. Brown, S. Dyson, J. Gurdon,
S. Kerridge, N. Lavery, T. Lieber, A. Manoukian, N. Perrimon, C.
Sharpe, F. Schweisguth, and M. Taylor for discussions. The contri-
bution of E.W. was carried out while a HHMI researcher in the
laboratory of N. Perrimon. The Wellcome Trust supported this
work.
REFERENCES
Ashburner, M. (1989). “Drosophila: A Laboratory Manual.” Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Axelrod, J. D., Matsuno, K., Artavanis Tsakonas, S., and Perrimon,
N. (1996). Interaction between Wingless and Notch signaling
pathways mediated by Dishevelled. Science 271, 1826–1832.
Bate, M. (1993). The mesoderm and its derivatives. In “The
Development of Drosophila melanogaster” (M. Bate and A.
Martinez Arias, Eds.), pp. 1013–1090. Cold Spring Harbor Labo-
ratory Press, Cold Spring Harbor, NY.
Bejsovec, A., and Martinez Arias, A. (1991). Roles of Wingless in
patterning the larval epidermis of Drosophila. Development 113,
471–485.
Brand, A., and Perrimon, N. (1993). Targeted gene expression as a
means of altering cell fates and generating dominant phenotypes.
Development 118, 401–415.
Brennan, K. (1997). “The Function of the Notch Protein in Wingless
Signalling.” Ph.D. thesis. University of Cambridge, Cambridge.
Brennan, K., Tateson, R., Lewis, K., and Martinez Arias, A. (1997).
A functional analysis of Notch mutations in Drosophila. Genet-
ics 147, 177–188.
Brennan, K., Tateson, R., Lieber, T., Couso, J. P., Zecchini, V., and
Martinez Arias, A. (1999). The Abruptex mutations of Notch
disrupt the establishment of proneural clusters in Drosophila.
Dev. Biol. 216, 230–242.
Copyright © 1999 by Academic Press. All rightCouso, J. P., Bate, M., and Martinez Arias, A. (1993). A wingless
dependent polar coordinate system in Drosophila imaginal discs.
Science 259, 484–489.
Couso, J. P., Bishop, S. A., and Martinez Arias, A. (1994). The
wingless signalling pathway and the patterning of the wing
margin in Drosophila. Development 120, 621–636.
Couso, J. P., Knust, E., and Arias, A. M. (1995). Serrate and Wingless
co-operate to induce vestigial gene expression and wing forma-
tion in Drosophila. Curr. Biol. 5, 1437–1448.
Couso, J. P., and Martinez Arias, A. (1994). Notch is required for
wingless signaling in the epidermis of Drosophila. Cell 79,
259–272.
Cubas, P., De Celis, J. F., Campuzano, S., and Modolell, J. (1991).
Proneural clusters of achaete–scute expression and the genera-
tion of sensory organs in the Drosophila imaginal wing disc.
Genes Dev. 5, 996–1008.
De Celis, J. F., Barrio, R., De Larco, A., and Garcia Bellido, A. (1993).
Genetic and molecular characterization of a Notch mutation in
its Delta-binding and Serrate-binding domain in Drosophila.
Proc. Natl. Acad. Sci. USA 90, 4037–4041.
De Celis, J. F., and Bray, S. (1997). Feedback mechanisms affecting
Notch activation at the dorsoventral boundary in the Drosophila
wing development. Development 124, 3241–3251.
De Celis, J. F., and Garcia Bellido, A. (1994). Roles of the Notch
gene in Drosophila wing morphogenesis. Mech. Dev. 46, 109–
122.
De Celis, J. F., Garcia Bellido, A., and Bray, S. J. (1996). Activation
and function of Notch at the –ventral boundary of the wing
imaginal disc. Development 122, 359–369.
Diaz Benjumea, F. J., and Cohen, S. M. (1995). Serrate signals
through Notch to establish a wingless-dependent organizer at the
dorsal/ventral compartment boundary of the Drosophila wing.
Development 121, 4215–4225.
Hartley, D. A., Xu, T., and Artavanis Tsakonas, S. (1987). The
embryonic expression of the Notch locus of Drosophila-
melanogaster and the implications of point mutations in the
extracellular EGF-like domain of the predicted protein. EMBO J.
6, 3407–3417.
Heitzler, P., and Simpson, P. (1991). The choice of cell fate in the
epidermis of Drosophila. Cell 64, 1083–1092.
Hooper, J. (1994). Distinct pathways for autocrine and paracrine
Wingless signalling in Drosophila embryos. Nature 372, 461–
464.
Jacobsen, T. L., Brennan, K., Martinez Arias, A., and Muskavitch,
M. A. T. (1998). Cis-interactions between Delta and Notch
modulate neurogenic signalling. Development 125, 4531–4540.
Jan, Y. N., and Jan, L. Y. (1993). The peripheral nervous system. In
“The Development of Drosophila melanogaster” (M. Bate and A.
Martinez Arias, Eds.), Vol. 2, pp. 1207–1244. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY.
Kelley, M. R., Kidd, S., Deutsch, W. A., and Young, M. W. (1987).
Mutations altering the structure of epidermal growth factor like
coding sequences at the Drosophila Notch locus. Cell 51, 539–
548.
Kidd, S., Lieber, T., and Young, M. (1998). Ligand induced cleavage
and regulation of nuclear entry of Notch in Drosophila melano-
gaster embryos. Genes Dev. 12, 3728–3740.
Klein, T., Brennan, K., and Martinez Arias, A. (1997). An intrinsic
dominant negative activity of Serrate that is modulated during
wing development in Drosophila. Dev. Biol. 189, 123–134.Klein, T., and Martinez Arias, A. (1998a). Different spatial and
temporal interactions between Notch, wingless and vestigial
s of reproduction in any form reserved.
229Wingless and Notch Molecules in Drosophila Wingspecify proximal and distal elements of the wing in Drosophila.
Dev. Biol. 194, 196–212.
Klein, T., and Martinez Arias, A. (1998b). Interactions among
Delta, Serrate and Fringe modulate Notch activity during Dro-
sophila wing development. Development 125, 2951–2962.
Klein, T., and Martinez Arias, A. (1999). The Vestigial gene product
provides a molecular context for the interpretation of signals
during the development of the wing in Drosophila. Development
126, 913–925.
Lecourtois, M., and Scweisguth, F. (1998). Indirect evidence for
Delta dependent intracelluar processing of Notch in Drosophila
embryo. Curr. Biol. 8, 771–774.
Lieber, T., Wesley, C. S., Alcamo, E., Hassel, B., Krane, J. F.,
Campos Ortega, J. A., and Young, M. W. (1992). Single amino-
acid substitutions in EGF-like elements of Notch and Delta
modify Drosophila development and affect cell-adhesion in vitro.
Neuron 9, 847–859.
Manoukian, A. S., Yoffe, K. B., Wilder, E. L., and Perrimon, N.
(1995). The porcupine gene is required for wingless autoregula-
tion in Drosophila. Development 121, 4037–4044.
Martinez Arias, A. (1998). Interactions between Wingless and
Notch during the assignation of cell fates in Drosophila. Int. J.
Dev. Biol. 42, 325–333.
Micchelli, C. A., Rulifson, E. J., and Blair, S. S. (1997). The function
and regulation of cut expression on the wing margin of Drosoph-
ila: Notch, Wingless and a dominant negative role for Delta and
Serrate. Development 124, 1485–1495.
Neumann, C. J., and Cohen, S. M. (1996). A hirarchy of cross-
regulation involving Notch, wingless, vestigial, and cut orga-
nizes the dorsal/ventral axis of the Drosophila wing. Develop-
ment 122, 3477–3485.
Ng, M., Diaz-Benjumea, F., Vincent, J. P., Wu, J., and Cohen, S. M.
(1996). Specification of the wing by localised expression of
Wingless protein. Nature 381, 609–612.
Pai, L., Orsulic, S., Bejsovec, A., and Peifer, M. (1997). Negative
regulation of Armadillo, a Wingless effector in Drosophila.
Development 124, 2255–2266.
Panin, V. M., Papayannopoulos, V., Wilson, R., and Irvine, K. D.
(1997). Fringe modulates Notch-ligand interactions. Nature 387,
908–912.
Phillips, R., and Whittle, R. (1993). wingless expression mediates
determination of peripheral nervous system elements in late stages
of Drosophila wing development. Development 118, 427–438.
Copyright © 1999 by Academic Press. All rightRebay, I., Fleming, R. J., Fehon, R. G., Cherbas, L., Cherbas, P., and
Artavanis Tsakonas, S. (1991). Specific EGF repeats of Notch
mediate interactions with Delta and Serrate—Implications for
Notch as a multifunctional receptor. Cell 67, 687–699.
Rulifson, E., Micchelli, C., Axelrod, J., Perrimon, N., and Blair, S.
(1996). Wingless refines its own expression domain on the
Drosophila wing margin. Nature 384, 72–74.
Rulifson, E. J., and Blair, S. S. (1995). Notch regulates wingless
expression and is not required for reception of the paracrine
Wingless signal during wing margin neurogenesis in Drosophila.
Development 121, 2813–2824.
Sanson, B., White, P., and Vincent, J. P. (1996). Uncoupling
cadherin-based adhesion from wingless signalling in Drosophila.
Nature 383, 627–30.
Schroeter, E., Kisslinger, J., and Kopan, R. (1998). Notch-1 signal-
ling requires ligand induced proteolytic release of the intracellu-
lar domain. Nature 393, 382–386.
Simpson, P. (1997). Notch signalling in development: On equiva-
lence groups and asymmetric developmental potential. Curr.
Opin. Genet. Dev. 7, 537–542.
Struhl, G., and Adachi, A. (1998). Nuclear access and action of
Notch in vivo. Cell 93, 649–660.
Tateson, R. (1998). “Studies of the roles of wingless and Notch
during the development of the adult peripheral nervous sytem of
Drosophila.” Ph.D. thesis. University of Cambridge, Cambridge,
UK.
Wesley, C. S. (1999). Notch and Wingless regulate expression of
cuticle patterning genes. Mol. Cell. Biol. 19, 5743–5758.
Wilder, E. A., and Perrimon, N. (1995). Dual functions of wingless
in the Drosophila leg imaginal disc. Development 121, 477–488.
Yoffe, K. B., Manoukian, A. S., Wilder, E. L., Brand, A. S., and
Perrimon, N. (1995). Evidence for engrailed-independent wing-
less autoregulation in Drosophila. Dev. Biol. 170, 636–650.
Young, M. W., and Wesley, C. S. (1997). Diverse roles for the Notch
receptor in the development of D. melanogaster. Perspect. Dev.
Neurobiol. 4, 345–355.
Zecca, M., Basler, K., and Struhl, G. (1996). Direct and long-range
action of a Wingless morphogen gradient. Cell 87, 833–844.
Received for publication March 15, 1999
Revised September 6, 1999
Accepted September 6, 1999
s of reproduction in any form reserved.
